Horizontal gene transfer is a major contributor to the evolution of bacterial genomes. We examine this process through a combination of comparative genomics and in silico analysis of the Escherichia coli metabolic network. We validate our horizontal transfer estimates by confirming the predicted gradual amelioration of GC content over time. We find that the chance of acquiring a gene by horizontal transfer is up to six times higher if an enzyme that catalyses a coupled metabolite flux is already encoded in the host genome.
INTRODUCTION
The gene content of different bacterial species is highly variable. A major route of genomic evolution in bacteria is the acquisition of new genes from often very distantly related individuals through horizontal transfer (Lawrence and Hendrickson, 2003; Ochman et al., 2000) . An initial transfer event can be viewed as a macro-mutation, and the fate of the newly acquired gene will depend both on external factors (e.g. changes in the environment of the host species) and internal factors, in particular the gene content of the host species.
Bacteria appear to be under evolutionary pressure to reduce their genome sizes, possibly to allow fast growth rates. Thus, to survive and become fixed in a bacterial population, a transferred gene must confer a selective advantage to its host. Consequently, if a protein's action depends on the presence of other proteins, then the gene encoding that protein will be fixed only if those other proteins are also present in the host. From this, we predict that the likelihood of a successful horizontal gene transfer should depend on the genomic presence of its partners.
Here, we consider genes that encode enzymes in the metabolic network of Escherichia coli K12. If any metabolite flux catalysed by one enzyme in the network depends on a non-zero flux catalysed by a second enzyme, we call these enzymes physiologically coupled. From the above arguments, we predict that the horizontal acquisition of an enzyme-encoding gene should depend strongly on the genomic presence of those proteins that it is physiologically coupled to.
METHODS

Identification of horizontal gene transfers
We used STRING (von Mering et al., 2005) , which extends the COG database (Tatusov et al., 2003) , to identify orthologs of the E.coli K12 metabolic genes among its closest relatives, including 54 fully sequenced bacterial species. * To whom correspondence should be addressed.
We aligned each gene family present in exactly one copy in all genomes using MUSCLE (Edgar, 2004) . From the concatenated alignments, we reconstructed a maximum-likelihood phylogeny using PHYML (Guindon and Gascuel, 2003) with an empirical substitution matrix (Jones et al., 1992 ) and a -model for rate variation among sites. The resulting tree was supported by high bootstrap values except for the E.coli-Shigella branch, which we resolved by separately investigating the phylogeny of five close relatives of E.coli K12 under the same protocols. Using PAUP* 4.0b10, we then estimated the most parsimonious scenarios (Boussau et al., 2004) for gene loss and horizontal transfers from gene presence/absence data (von Mering et al., 2005) on this tree, setting the penalty ratio for gene gains/gene losses to 2:1 (Snel et al., 2002) .
Flux coupling analysis of the E.coli network
To find physiologically coupled gene pairs, we analysed the metabolic network of E.coli K12 (Reed et al., 2003) after eliminating duplicate reactions. If multiple proteins in the network mapped to the same COG, these were excluded from further analysis. We implemented a flux coupling analysis (Burgard et al., 2004) with linear programming under CPLEX 9.5. For each pair of proteins, we maximized the flux catalysed by one protein after removal of the other. We consider a protein pair to be directionally coupled (A→B) if the fluxes catalysed by protein A are shut down after removal of protein B. If this is true in both directions (A→B and B→A), we consider the pair to be tightly coupled.
Statistical analysis
Analyses were performed in R (R development core team, 2004, http://www.R-project.org). We constructed 2 × 2 contingency tables for all pairs of physiologically coupled proteins, with rows corresponding to a horizontal transfer of one of the genes along a given branch and columns corresponding to the presence of the other gene in the descendant node of the branch. Only branches where the gene whose transfer was investigated was absent in the ancestral node were considered. We used Fisher's two-sided exact test to estimate statistical significance and 95% confidence intervals.
RESULTS AND DISCUSSION
Based on differences in GC content between horizontally transferred genes and the host genome, it was previously hypothesized that the GC content of transferred genes gradually approaches that of the host over evolutionary time (Lawrence and Ochman, 1998) . To validate the horizontal gene transfer events that we inferred from generalized parsimony, we analysed the GC content at third codon positions (GC3) for all E.coli genes. As predicted, we found a gradual decay of the absolute difference between the GC3 of individual genes and the host average (data not shown).
How does the acquisition of genes by horizontal transfer depend on the presence of physiologically coupled genes in the genome? To answer this question, we examined all coupled protein pairs in the ii222 metabolic network of E.coli K12 (Reed et al., 2003) , as identified by flux coupling analysis (Burgard et al., 2004) . The contingency tables for the dependence of the acquisition of one gene of the pair on the presence of the other gene are given as Table 1 for directionally coupled pairs (i.e. flux catalysed by protein A depends on flux catalysed by protein B or vice versa, but not both) and as Table 2 for tightly coupled pairs (i.e. flux catalysed by each protein depends on the flux catalysed by the other). The odds ratio for directional coupling (Table 1) is 2.80 (95% confidence interval 2.11-3.77, P = 5 × 10 −15 ), i.e. horizontal acquisition of one of the genes is almost three times more likely if the physiologically coupled partner is present in the host genome. As expected, this dependence becomes even stronger for tightly coupled protein pairs (Table 2) : here, the odds ratio reaches 6.10 (95% confidence interval 4.06-9.47, P = 2 × 10 −24 ). Thus, the successful acquisition of a gene into the metabolic network depends on the genomic presence of physiologically coupled enzymes. Detailed study of physiological interactions may eventually allow us to predict the probability of the adaptation of a given species to a new environment, e.g. the transition of a gut bacterium to a parasitic intracellular lifestyle.
